Establishing the pattern of expression of transmitters and peptides as well as their receptors in different neuronal types is crucial for understanding the circuitry in various regions of the brain. Previous studies have demonstrated that the transmitter and peptide phenotypes in mouse dorsal spinal cord neurons are determined by the transcription factors Tlx1/3 and Ptf1a. Here we show that these transcription factors also determine the expression of two distinct sets of transmitter and peptide receptor genes in this region. We have screened the expression of 78 receptor genes in the spinal dorsal horn by in situ hybridization. We found that receptor genes Gabra1, Gabra5, Gabrb2, Gria3, Grin3a, Grin3b, Galr1, and Npy1r were preferentially expressed in Tlx3-expressing glutamatergic neurons and their derivatives, and deletion of Tlx1 and Tlx3 resulted in the loss of expression of these receptor genes. Furthermore, we obtained genetic evidence that Tlx3 uses distinct pathways to control the expression of receptor genes. We also found that receptor genes Grm3, Grm4, Grm5, Grik1, Grik2, Grik3, and Sstr2 were mainly expressed in Pax2-expressing GABAergic neurons in the spinal dorsal horn, and their expression in this region was abolished or markedly reduced in Ptf1a and Pax2 deletion mutant mice. Together, our studies indicate that Tlx1/3 and Ptf1a, the key transcription factors for fate determination of glutamatergic and GABAergic neurons in the dorsal spinal cord, are also responsible for controlling the expression of two distinct sets of transmitter and peptide receptor genes.
Introduction
The dorsal horn of the spinal cord is an integrative center that transmits and processes diverse somatosensory information. The neurons in the dorsal spinal cord can be grouped into excitatory and inhibitory neurons that use glutamate and GABA/glycine as their fast transmitters, respectively (Bennett and Balcar, 1999; Todd and Maxwell, 2000; Todd et al., 2003) . Diversity of dorsal horn neurons is also indicated by the restricted expression of peptides in distinct subpopulations . The establishment of functional neural circuits in the dorsal spinal cord relies on the coordinated expression of transmitters and peptides as well as their cognate receptors (Graham et al., 2007; Todd, 2010) . The molecular mechanism that controls such coordinated gene expression among different subpopulations of neurons remains poorly understood.
The past decade has seen much progress in our understanding of the development of dorsal spinal cord neurons (Caspary and Anderson, 2003; Helms and Johnson, 2003; Fitzgerald, 2005; Ma, 2006) . A set of transcription factors is known to specify the glutamatergic versus GABAergic cell fates. The basal GABAergic neuronal fate is determined by Lbx1 (Cheng et al., 2005) , whereas the glutamatergic cell fate is determined by Tlx1 and Tlx3, which antagonize Lbx1 and are in turn controlled by Gsx1 and Gsx2 (Cheng et al., 2004 (Cheng et al., , 2005 Mizuguchi et al., 2006) . Another transcription factor Ptf1a acts to suppress Tlx3 expression and promote GABAergic differentiation (Glasgow et al., 2005; Mizuguchi et al., 2006; Hori et al., 2008) . Three studies including ours have also shown that the transcription factors that determine the glutamatergic or GABAergic cell fate also control the expression of distinct sets of peptides in the dorsal horn selectively (Bröhl et al., 2008; Huang et al., 2008; Xu et al., 2008) .
In the present study on the expression pattern of transmitter and peptide receptor genes, we have focused on the set of transmitters (glutamate, GABA, and glycine) and peptides that are expressed in the dorsal spinal cord. We have demonstrated that glutamate receptor genes Gria2 and Grik2/3 are expressed preferentially in Pax2-negative excitatory and Pax2-expressing (Pax2 ϩ ) inhibitory neurons in the dorsal horn, respectively, and Gria2 expression is lost and Grik2/3 expression is de-repressed in Tlx1/3 deletion mutant mice (Cheng et al., 2004) . Whether Grik2/3 expression is also controlled by transcription factors that specify the GABAergic cell fate is unknown. Furthermore, whether other transmitter receptor genes in general are controlled by Tlx1/3 or Ptf1a is unknown. Previous studies have also characterized the transcriptional regulation of peptides in glutamatergic and GABAergic neurons (Bröhl et al., 2008; Huang et al., 2008; Xu et al., 2008) . In this study, we have further shown that two genes encoding additional peptides, adenylate cyclase activating polypeptide 1 (PACAP/Adcyap1) and neurotensin (NT), are controlled by Tlx1/3. By screening the expression of 78 receptors/subunits for transmitters and peptides that are known to be expressed in the dorsal spinal cord, we found that Tlx1/3 or Ptf1a controls the expression of two distinct sets of receptor genes that are associated with glutamatergic and GABAergic neurons.
Materials and Methods
Animals. The generation of Tlx1, Tlx3, Lbx1, and Pax2 mutant mice, the Tlx3 cre knock-in mice, and the Tau-nLacZ mice have been described previously (Roberts et al., 1994; Torres et al., 1995; Gross et al., 2000; Shirasawa et al., 2000; Hippenmeyer et al., 2005; Xu et al., 2008) . The Ptf1a cre mutant mice were obtained from the Mutant Mouse Regional Resource Centers (Kawaguchi et al., 2002) . Tlx3 cre knock-in mice were crossed with the Tau-nLacZ mice to fate map the Tlx3 ϩ neurons. In all timed mating using both male and female mice, the morning that vaginal plugs were observed was considered as E0.5.
In situ hybridization and immunostaining. In situ hybridization experiments were performed following the methods described previously (Huang et al., 2010) . Most of the probes were amplified with genespecific sets of PCR primers, and the cDNA templates were prepared from mouse spinal cord and brain at E14.5 or P0.
For double staining that combined in situ hybridization with immunostaining, in situ hybridization was performed first with a lower proteinase K concentration (1-2 g/ml) and shorter digesting time (3-7 min). After color development with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate as substrates, immunostaining procedures to detect Tlx3, Pax2, or ␤-galactosidase proteins were performed. The following first and second antibodies were used: rabbit anti-Pax2 antibody (1:50) (Zymed Laboratories); rabbit anti-Tlx3 antibody (1:400) (Müller et al., 2005; Huang et al., 2010) ; chicken anti-␤-galactosidase antibody (1:200) (Abcam); goat anti-rabbit Alexa Fluor-488 (1:200) (Invitrogen); and goat anti-chicken Alexa Fluor-488 (1:200) (Invitrogen). To generate the confocal images, the bright-field images of in situ hybridization signals were converted into pseudo-red fluorescent color and then merged with the fluorescent images in Adobe Photoshop (Adobe Systems).
Cell counting. Transverse sections from three pairs of wild-type and mutant embryos were hybridized with the receptor genes. In each section, positive cells with clear nuclear morphology from four to five adjacent dorsal horns were counted, and the values were presented as mean Ϯ SD. The differences in values were considered to be significant at p Ͻ 0.05 by Student's t test.
Results
Tlx1/3 are required for expression of PACAP and NT Before the study of gene expression pattern for transmitter and peptide receptors, we first determined the set of peptides that are expressed in the dorsal spinal cord. Previous studies have characterized the pattern of peptide expression in GABAergic neurons, including neuropeptide Y (NPY), nociceptin/orphanin FQ (N/ OFQ), an early wave of somatostatin (SOM), enkephalin (ENK), dynorphin (DYN), and galanin (GAL) (Bröhl et al., 2008; Huang et al., 2008; Xu et al., 2008) . For glutamatergic neurons, transcription factors Gsx1/2, which lie upstream of Tlx3, are known to control the expression of those genes encoding cholecystokinin (CCK), substance P (SP), gastrin-releasing peptide (GRP), and PACAP/Adcyap1 in the dorsal spinal cord (Mizuguchi et al., 2006; Bröhl et al., 2008) . Both Tlx1 and Tlx3 are required for the specification of glutamatergic cell fate and the expression of peptide genes encoding CCK, SP, and GRP in dorsal horn (Cheng et al., 2004; Li et al., 2006; Xu et al., 2008) . We reasoned that Tlx1/3 may also be required for the expression of PACAP. In situ hybridization demonstrated that this was indeed the case, and PACAP expression was essentially abolished in the dorsal horn of Tlx1/3 deletion mice (data not shown). In addition, because the peptide NT was mainly expressed in glutamatergic neurons in the dorsal spinal cord (Todd et al., 1994) , we then examined whether Tlx1/3 are required for its expression. In situ hybridization results revealed that the expression of NT was also compromised in the Tlx1/3 mutant mice (data not shown). Therefore, transcription factors Tlx1/3 are required for the coordination of cell fate and the peptide gene expression in glutamatergic neurons in the dorsal spinal cord (Cheng et al., 2004; Li et al., 2006; Xu et al., 2008) . This is reminiscent of the fact that transcription factor Ptf1a coordinates the cell fate and peptide gene expression in GABAergic neurons in the dorsal spinal cord (Glasgow et al., 2005; Mizuguchi et al., 2006; Bröhl et al., 2008; Huang et al., 2008 
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Family represents the ligand for the receptors. Names and GenBank accession numbers of receptor/subunit genes are also shown. A simple font code was used to indicate different expression patterns of these genes in the dorsal horn at P0: italic for those genes not expressed or very weakly expressed; bold for those genes with lamina enriched expression pattern; and underlining for those genes with scattered expression pattern.
2008; Huang et al., 2008; Xu et al., 2008) . We have screened for the expression of 78 receptors or receptor subunits for these transmitters and peptides in the dorsal spinal cord. The list of genes that encode the receptors and receptor subunits is shown in Table 1 . Glutamate receptors can be divided into two distinct classes: ionotropic and metabotropic receptors. Ionotropic receptors include AMPA, kainate, and NMDA receptors (Collingridge et al., 2009; Lodge, 2009 ). The AMPA receptor family comprises four subunits, GluA1-GluA4, which are encoded by Gria1-Gria4, respectively (Nakagawa, 2010) . The kainate receptor family comprises five subunits, GluK1-GluK5, which are encoded by Grik1-Grik5 (Contractor et al., 2011) . The NMDA Figure 1 . Expression of receptor/subunit genes in the developing spinal cord of mouse. A1-F4, In situ hybridization was performed on sections of mouse spinal cord at different developmental stages (E14.5 to P7) using various receptor/subunit genes as probes. A1-B4, Gabra1 and Gabrb2 were weakly expressed in the dorsal horn at E16.5. At P0 and P7, the expression of Gabra1 and Gabrb2 was enriched in laminae II/III of the dorsal horn (A3, A4, B3, B4, arrows). C1-C4, At E14.5, Grm3 was expressed in the dorsal horn (C1, arrow). From E16.5 to P7, Grm3 was enriched in laminae II/III neurons of the dorsal horn (C2-C4, arrows). D1-D4, From E14.5 to P7, Grin3a expression was enriched in the superficial laminae (D1-D4, arrows). E1-E4, From E16.5 to P7, Sstr2 was expressed in superficial laminae neurons (E2-E4, arrows). F1-F4, From E14.5 to P7, Npy1r was expressed in superficial laminae neurons of the dorsal horn (arrows). Scale bars, 100 m.
receptor family is composed of seven subunits, GluN1, GluN2A-GluN2D, GluN3A, and GluN3B, which are encoded by Grin1, Grin2a-Grin2d, Grin3a, and Grin3b, respectively (Cull-Candy et al., 2001) . Subunits for metabotropic glutamate receptors include mGluR1-mGluR8, which are encoded by Grm1-Grm8 (Niswender and Conn, 2010) . Receptors for GABA can be divided into ionotropic GABA A receptors and metabotropic GABA B receptors. The GABA A receptors are composed from 19 subunits, including ␣1-␣6, ␤1-␤3, ␥1-␥3, ␦, , , , and 1-3, which are encoded by genes Gabra1-Gabra6, Gabrb1-Gabrb3, Gabrg1-Gabrg3, Gabrd, Gabre, Gabrp, Gabrq, and Gabrr1-Gabrr3, respectively (Barnard et al., 1998; Steiger and Russek, 2004) . The GABA B receptors include GABA B1 and GABA B2 , which are encoded by Gabbr1 and Gabbr2 (Bettler and Tiao, 2006) . The glycine receptors consist of four ␣ subunits (␣1-␣4) and one ␤ subunit. Four genes, Glra1-Glra4, encode the ␣ subunits, and one Glrb encodes the ␤ subunit (Lynch, 2004) . D2, F2, H2 , J2, green) with Gabra1 (A2, B2, red), Gabrb2 (C2, D2, red), Gria3 (E2, F2, red), Grin3a (G2, H2, red), or Npy1r (I2, J2, red) mRNA on spinal cord sections at indicated stages. Bright-field in situ hybridization signals were converted into red pseudocolor signals. Note the colocalization of Gabra1, Gabrb2, Gria3, Grin3a, and Npy1r with Tlx3 (A2, C2, E2, G2, I2, arrows) but not with Pax2 (B2, D2, F2, H2, J2). Scale bars: A1, B1, C1, D1, E1, F1, G1, H1, I1, J1, 50 m; A2, B2, C2, D2, E2, F2, G2, H2, I2, J2, 20 m.
For neuropeptides, there are three G-protein-coupled receptor (GPCR) subtypes for GAL: Gal 1 , Gal 2 , and Gal 3 , which are encoded by Galr1, Galr2, and Galr3, respectively (Branchek et al., 2000; Foord et al., 2005) . SOM acts via a family of GPCRs, sst 1 -sst 5 , which are encoded by Sstr1-Sstr5 (Csaba and Dournaud, 2001; Foord et al., 2005) . NPY exerts its effects through activation of the G-protein-coupled Y receptors, notably Y 1 , Y 2 , Y 4 , and Y 5 , which are encoded by Npy1r, Npy2r, Ppyr1, and Npy5r, respectively (Blomqvist and Herzog, 1997; Foord et al., 2005) . GRP binds with high affinity to its receptor GRPR, which is encoded by Grpr (Foord et al., 2005; Roesler et al., 2006) . We also examined the expression of the receptor genes for CCK, TAK, PACAP, NT, and opioids (Wank, 1995; Vincent et al., 1999; Almeida et al., 2004; Foord et al., 2005; Dickson and Finlayson, 2009; Dietis et al., 2011) .
We performed in situ hybridization experiments to detect the presence of 78 receptor/subunit genes in the spinal cord sections at E14.5, E16.5, P0, and P7. The results revealed that the expression patterns of different receptor/subunit genes in the developing dorsal horn were quite diverse. We used a simple code to indicate the expression patterns of receptor genes in the dorsal horn at P0: italic for those genes not expressed or very weakly expressed; bold for those genes with lamina-enriched expression pattern; and underlining for those genes with scattered expression pattern (Table 1 ). Figure 1 shows the spatial and temporal expression patterns of some representative receptor/subunit genes. Two features are noteworthy. First, expression of different genes was established at distinct developmental stages. In the dorsal spinal cord, Grm3, Grin3a, Sstr2, and Npy1r were expressed at E14.5. However, the expression of Gabra1 and Gabrb2 was initiated at approximately E16.5. Second, each receptor/subunit gene exhibited a unique lamina-specific expression pattern. Specifically, the expression of Gabra1, Gabrb2, and Grm3 was enriched in laminae II/III, whereas the expression of Grin3a, Sstr2, and Npy1r was enriched in the superficial laminae at P0 and P7.
Glutamatergic and GABAergic neurons express two distinct sets of receptors
We previously demonstrated that Tlx3 ϩ and Pax2 ϩ neurons are glutamatergic and GABAergic neurons, respectively, in the dorsal spinal cord (Cheng et al., 2004) . To better understand the relationship between transcriptional regulators and the receptor gene expression, we undertook double-staining experiments that combined in situ hybridization (with receptor gene cDNAs as the probes) and immunostaining with antibodies against Tlx3 or Pax2. We found that receptor/subunit genes Gabra1, Gabra5, Gabrb2, Gria3, Grin3a, Grin3b, Galr1 , and Npy1r were mainly expressed in Tlx3 ϩ glutamatergic neurons. In contrast, these receptor/subunit genes were rarely expressed in Pax2 ϩ GABAergic neurons (Fig. 2 and data not shown) . The localization of the receptors in glutamatergic neurons were confirmed in the following fate-mapping experiments. These experiments were performed on crosses between Tlx3-Cre and Tau-nLacZ mice. In the absence of Cre, the expression of the reporter gene ␤-galactosidase linked to a nuclear localization signal (nLacZ) was prevented by a transcriptional termination cassette. After Cremediated removal of the transcriptional termination cassette, the reporter nLacZ was expressed under the pan-neuronal Tau promoter (Fig. 3 and data not shown) . A previous study has shown that nLacZ can be used for revealing both persistent and transient expression of Tlx3 . As described below, the complete or marked loss of the expression of receptor genes in Tlx1/3 deletion mice suggests that the receptor genes are expressed in neurons with persistent or transient Tlx3 expression.
For receptor genes Grm3, Grm4, Grm5, Grik1, and Sstr2, we found that they were mainly expressed in Pax2 ϩ GABAergic neurons and rarely expressed in Tlx3 ϩ glutamatergic neurons (Fig. 4  and data not shown) . Meanwhile, we showed previously that the receptor genes Grik2 and Grik3 were preferentially expressed in Pax2 ϩ GABAergic neurons (Cheng et al., 2004) . Therefore, a distinct set of receptor/subunit genes, Grik1, Grik2, Grik3, Grm3, Grm4, Grm5, and Sstr2, were primarily expressed in Pax2 ϩ GABAergic neurons in the dorsal spinal cord. 
Tlx1/3 are required for expression of a subset of receptor genes
We next analyzed receptor gene expression in mice that lacked both Tlx3 and its related gene Tlx1, because Tlx3 and Tlx1 exhibit a partial redundancy in cervical and thoracic spinal cord (Cheng et al., 2004) . Expression of Gabra1, Gabra5, Gabrb2, Gria3, Grin3a, Grin3b, Galr1 , and Npy1r was virtually eliminated or greatly reduced in Tlx1 and Tlx3 double-knockout (Tlx1/3 Ϫ/Ϫ ) mice at E14.5, E16.5, or E18.5 (Fig. 5A -J and data not shown). Meanwhile, it was shown previously that, within lamina I of the dorsal horn, SP receptor NK 1 is restricted to neurons that are not GABAergic immunoreactive and that are likely to be excitatory (Littlewood et al., 1995) . Therefore, we examined the expression of Tacr1, which encodes NK 1 , in Tlx1/3 deletion mice. In situ hybridization results showed that the expression of Tacr1 disappeared in lamina I neurons of the dorsal horn of Tlx1/3 mutant mice at E18.5 (data not shown). Because increased cell death was not observed in Tlx1/3 Ϫ/Ϫ spinal cord at embryonic stages (Qian et al., 2002) , the present results support the idea that Tlx1/3 are required for the expression of these receptor genes.
Markers for spinal GABAergic neurons, including Pax2, Gad1/2, Viaat, and Grik2/3, are de-repressed in Tlx1/3 Ϫ/Ϫ mice (Cheng et al., 2004) . We thus further examined whether the receptor genes found to be expressed in GABAergic neurons were also de-repressed in Tlx1/3 Ϫ/Ϫ mice. In situ hybridization results showed that the numbers of neurons expressing Grm3, Grm4, Grm5, and Grik1 were increased in Tlx1/3 Ϫ/Ϫ mice ( Fig. 5 K, L and data not shown). The number of Grm3 ϩ cells per quadrant increased from 140 Ϯ 14 in wild-type mice to 231 Ϯ 16 in Tlx1 and Tlx3 deletion mice. However, the expression of the receptor gene Sstr2 was comparable in Tlx1/3 Ϫ/Ϫ and wild-type control mice (data not shown). This result suggests that Tlx1 and Tlx3 are required only for the suppression of a subset of GABAergic neuron markers.
Tlx3 uses distinct pathways to control expression of different receptors
In dorsal spinal cord, Tlx3 specifies the glutamatergic transmitter phenotype by antagonizing Lbx1 (Cheng et al., 2005) . The expression of VGLUT2, which encodes vesicular glutamate transporter VGLUT2, and Tac1 and CCK, which encode two peptides (SP and CCK), were found to be controlled by Tlx3 via distinct pathways (Fig. 6 M-P) . These results suggest that Tlx3 uses distinct pathways to control the expression of receptor genes.
Ptf1a and Pax2 are required for expression of a subset of receptor genes
The transcription factor Ptf1a promotes GABAergic cell differentiation and suppresses the glutamatergic cell fate via inhibiting Tlx3 expression (Glasgow et al., 2005) , and Pax2 that lies downstream of Ptf1a is required specifically for GABAergic differentiation (Cheng et al., 2004; Glasgow et al., 2005) . Both Ptf1a and Pax2 are also required for the expression of a specific set of peptides in GABAergic neurons (Bröhl et al., 2008; Huang et al., 2008) . We therefore examined whether Ptf1a and Pax2 control the receptor genes that are localized in GABAergic neurons. In situ hybridization results showed that the expression of Grik1, Grik2, Grik3, Grm3, Grm4, Grm5 , and Sstr2 was eliminated or markedly reduced in the dorsal horn of Ptf1a Ϫ/Ϫ mice (Fig. 7A -J and data not shown) and Pax2 Ϫ/Ϫ embryos ( Fig. 8 and data not shown).
Because glutamatergic neurons are increased in Ptf1a Ϫ/Ϫ mice (Glasgow et al., 2005) , we examined whether the expression of the receptors that are localized in glutamatergic neurons are derepressed in Ptf1a Ϫ/Ϫ embryos. In situ hybridization results showed that the expression of Gabra5, Gabrb2, and Npy1r was indeed de-repressed in the Ptf1a Ϫ/Ϫ mice, whereas the expression of Gria2, Gria3, Grin3a, Grin3b, Gabra1, Galr1 , and Tacr1 was comparable in Ptf1a Ϫ/Ϫ and wild-type mice (Fig. 7 K, L and data not shown). The number of Npy1r ϩ cells per quadrant increased from 49 Ϯ 5 in wild-type mice to 69 Ϯ 6 in Ptf1a deletion mice ( p Ͻ 0.01).
Discussion
In this study, we screened expression of 78 receptor/subunits for glutamate, GABA, glycine, and peptides in the dorsal spinal cord by in situ hybridization and found that two distinct sets of receptor/subunit genes were preferentially expressed in glutamatergic versus GABAergic neurons. By analyzing the knock-out mice, we found that transcription factors Tlx1/3, which determine the glutamatergic cell fate, control the expression of a selective set of receptor/subunit genes in glutamatergic neurons, including Gabra1, Gabra5, Gabrb2, Gria3, Grin3a, Grin3b, Galr1, Npy1r , and Tacr1. In contrast, transcription factors Ptf1a and Pax2, which are required for the GABAergic differentiation, control the expression of another set of receptor/subunit genes in GABAergic neurons, including Grik1, Grik2, Grik3, Grm3, Grm4, Grm5, and Sstr2 . Furthermore, we obtained genetic evidence that Tlx1 and Tlx3 used distinct mechanisms to control the expression of different receptor/subunit genes.
Transmitter and peptide receptor gene expression in dorsal spinal cord
Our present study shows that two distinct sets of transmitter and peptide receptor/subunit genes are preferentially enriched in excitatory and inhibitory neurons, respectively, in the dorsal horn and are controlled by transcription factors that specify the excitatory and inhibitory cell fate. The receptor genes Gabra1, Gabra5, Gabrb2, Gria3, Grin3a, Grin3b, Galr1, Npy1r, and Tacr1 (Littlewood et al., 1995) are mainly expressed in glutamatergic neurons in the dorsal horn, and, together with receptor gene Gria2 (Cheng et al., 2004) , they are controlled by transcription factors Tlx1/3 (Figs. 2, 3 , 5, 9 and data not shown). Transcription factor Lbx1 is required for the expression of receptor genes Gria2, Galr1, and Npy1r, whereas it suppresses the expression of receptor gene Gria3 (Figs. 6, 9) . Meanwhile, the expression of Gabra5, Gabrb2, and Npy1r are suppressed by Ptf1a in the dorsal horn (Figs. 7K,L, 9 and data not shown). The above results are in line with the reports that receptor genes Galr1 and Npy1r are expressed in glutamatergic neurons (Brumovsky et al., 2006; Landry et al., 2006) . Conversely, although nearly all of the GluA2/GluA3-immunoreactive neurons did not contain GABA or glycine, it was not determined whether receptor subunit GluA3 was expressed in glutamatergic neurons because the antibody used detected an epitope common to both GluA2 and GluA3 . The receptor genes Grik1, Grm3, Grm4, Grm5, and Sstr2 are expressed in GABAergic neurons in the dorsal horn, and, together with the receptor genes Grik2 and Grik3 (Cheng et al., 2004) , they are controlled by transcription factors Ptf1a and Pax2 (Figs. 4, 7-9 and data not shown). Meanwhile, the expression of Grik1, Grm3, Grm4, and Grm5, together with receptor genes Grik2 and Grik3 (Cheng et al., 2004) , are repressed by transcription factors Tlx1/3 (Figs. 5K,L, 9 and data not shown). Expression of receptors GluK1, mGluR3, mGluR5, and sst 2 has been demonstrated in GABAergic neurons in the dorsal horn Jia et al., 1999; Lu et al., 2005) . Furthermore, a recent study provided functional evidence that SOM receptors (presumably sst 2 ) were restricted to GABAergic interneurons (Yasaka et al., 2010) .
Expression of some peptide genes is restricted to excitatory or inhibitory neurons as well. SOM is mainly expressed in excitatory neurons in superficial laminae (Proudlock et al., 1993; Todd et al., 2003) , whereas its receptor sst 2 is mainly expressed in inhibitory neurons Yasaka et al., 2010) . A reverse situation exists for peptides NPY and GAL and their receptors Y 1 and Gal 1 (Rowan et al., 1993; Simmons et al., 1995; Zhang et al., 1999; Brumovsky et al., 2006; Landry et al., 2006) , indicating a direct crosstalk between excitatory and inhibitory neurons. The potential interaction between excitatory and inhibitory neurons is further corroborated by the fact that several glutamate receptor/subunit genes are enriched in inhibitory neurons, and several receptors for GABA are selectively enriched in excitatory neurons (Jia et al., 1999; Kerchner et al., 2002; Cheng et al., 2004; Lu et al., 2005) .
Diverse pathways regulating expression of VGLUT2, Tac1/ CCK, and glutamate/peptide receptors We demonstrated previously that transcription factors Tlx1/3 antagonize transcription factor Lbx1 to promote the expression of VGLUT2, a vesicular glutamate transporter that has served as a specific marker for glutamatergic neurons, in the spinal dorsal horn (Cheng et al., 2005) . Loss of VGLUT2 expression in Tlx3 mutant mice is restored in Tlx3 Ϫ/Ϫ ;Lbx1 Ϫ/Ϫ double-mutant mice (Cheng et al., 2005) . Because expression of the Tlx1/3-dependent peptide genes is not restored in Tlx3 Ϫ/Ϫ ;Lbx1 Ϫ/Ϫ double-mutant mice, we proposed that Tlx1/3 use distinct pathways to coordinate glutamate and peptide transmitters (Tac1/CCK ) ). Here we provide genetic evidence that Tlx1/3 control the expression of receptor genes via different mechanisms. Expres- 
Potential role of selector genes in controlling expression of receptor genes
Selector genes are a class of genes that control the fates of groups of cells during development (García-Bellido, 1975; Mann and Carroll, 2002) . Selector genes typically make a choice between two alternative fates by activating sets of genes that are expressed in a particular cell type, tissue, organ, or region, while at the same time suppressing the genes associated with alternative fates (Mann and Carroll, 2002) . Tlx1/3 and Ptf1a are selector genes known to determine the glutamatergic and GABAergic fates in the dorsal horn of the spinal cord, respectively (Cheng et al., 2004; Glasgow et al., 2005) . Furthermore, they control the expression of peptides that are preferentially distributed in excitatory and inhibitory neurons in the dorsal spinal cord, respectively (Bröhl et al., 2008; Huang et al., 2008; Xu et al., 2008) . Our findings here provide the evidence that two distinct sets of transmitter and peptide receptor genes are expressed in glutamatergic or GABAergic neurons and controlled by Tlx1/3 or Ptf1a. It will be of interest to examine whether other neuronal selector genes control the expression of region-specific transmitter and peptide receptor genes (Puelles et al., 2006; Sieber et al., 2007; Mangale et al., 2008) .
Physiological implications of neuronal type-specific expression of receptors Dorsal horn neurons in the spinal cord receive somatic information, such as pain, temperature, itch, and touch, from the peripheral tissues. After the sensory signal is received in the dorsal horn, the information is transmitted to higher centers in the CNS by projection neurons (Renn and Dorsey, 2005) . Electrophysiological investigations have shown that glutamate is the principal excitatory transmitter of primary afferent fibers (Yoshimura and Jessell, 1990; Li et al., 1999) . This is corroborated by a recent study that showed that glutamate acts as a transmitter for itch synaptic transmission in the spinal cord (Koga et al., 2011) . The output neurons of the dorsal horn are projection neurons, which are concentrated in lamina I and scattered throughout laminae III/ VI, and relay sensory information to several brain areas. The vast majority of neurons in the dorsal horn are local circuit interneurons that do not project outside of the spinal cord. Thus, the output of projection neurons is influenced by local excitatory and inhibitory neurons (Todd, 2010; Larsson and Broman, 2011) . The balance between excitation and inhibition is crucial for maintaining normal sensory function (Basbaum et al., 2009; Costigan et al., 2009; Ross et al., 2010; Takazawa and MacDermott, 2010) . Among the two distinct sets of transmitter and peptide receptors, deletion of Npy1r results in a pronounced mechanical hypersensitivity, suggesting that Npy1r plays an important role in the control of transmission of sensory information (Naveilhan et al., 2001; Shi et al., 2006) . However, the physiological roles played by other receptors in the dorsal horn needs to be further examined. Despite the importance of dorsal spinal cord in normal sensory processing and in pathological condition, our knowledge A model for the roles of transcription factors Tlx1/3, Lbx1, Ptf1a, and Pax2 in controlling the expression of transmitter and peptide receptor/subunit genes in the dorsal spinal cord. A, Tlx1/3 are required for the expression of Gabra1, Grin3a, Grin3b, and Tacr1. Both Tlx3 and Lbx1 are required for the expression of Gria2, Galr1, and Npy1r. Tlx3 acts to antagonize Lbx1 to control the expression of Gria3. Tlx1/3 are required for the expression of Gabra5 and Gabrb2 as well, whereas Ptf1a suppresses the expression of Npy1r, Gabra5, and Gabrb2. B, Ptf1a and Pax2 are required for the expression of Grik1, Grik2, Grik3, Grm3, Grm4, Grm5 , and Sstr2, whereas Tlx1/3 suppress the expression of Grik1, Grik2, Grik3, Grm3, Grm4, and Grm5. about the neuronal circuit that link incoming primary afferent to the projection neurons remains rather limited (Graham et al., 2007; Todd, 2010) . Establishing the pattern of expression of receptors on different neuronal types will be essential for understanding the dorsal horn circuitry (Graham et al., 2007; Todd, 2010) . In this regard, the finding that distinct sets of transmitter and peptide receptors that are preferentially distributed in glutamatergic or GABAergic neurons will provide useful clues for dissecting the circuitry of the dorsal spinal cord.
